The extracellular loop 2 (EL2) of FSH receptor (FSHR) plays a pivotal role in various events downstream of FSH stimulation. Because swapping the six FSHR-specific residues in EL2 (chimeric EL2M) with those from LH/choriogonadotropin receptor resulted in impaired internalization of FSH-FSHR complex and low FSH-induced cAMP production, six substitution mutants of EL2 were generated to ascertain the contribution of individual amino acids to the effects shown by chimeric EL2M. Results revealed that L 501 F mainly and I 505 V to a lesser extent contribute to the diminished receptor function in chimeric EL2M.
Introduction
The interaction of follicle-stimulating hormone (FSH) with its cognate receptor is important for folliculogenesis (Robker & Richards 1998) and spermatogenesis (Foulkes et al. 1993) . FSH receptor (FSHR) is a class A rhodopsin-type G-protein coupled receptor (GPCR). Along with luteinizing hormone/choriogonadotropin receptor (LH/CGR) and thyroid-stimulating hormone receptor, FSHR belongs to the subfamily of glycoprotein hormone receptors (GPHRs; Kleinau & Krause 2009) . It is present on the granulosa cells of the ovary in females, and on the Sertoli cells of the testis in males. Structurally, it contains a large extracellular domain (ECD) consisting of leucine-rich repeats at the N-terminal end and a hinge region at the C-terminal that connects the ECD to the membrane spanning transmembrane domain (TMD). The TMD comprises of seven a-helices which are connected to each other by means of three extracellular loops (ELs) and three intracellular loops (ILs) and ends in a short cytoplasmic tail. Though the TMD shows high sequence homology across all GPHRs, there is variability in the sequence of the extracellular N-terminal domain thus conferring hormone-binding specificity to each receptor (Braun et al. 1991) . The ELs and ILs also vary in length and sequence, indicating their probable role in functional specificity. However, within a given GPHR, the loop sequences are conserved across all species, indicating a common function.
Binding of FSH to FSHR triggers multiple downstream signaling pathways, but the exact molecular mechanism remains elusive. The recently solved crystal structure of FSH in complex with the entire ECD of FSHR including the hinge region provides some explanation. FSH interacts with FSHR in a two-step process: by binding to a highaffinity site in the ECD followed by the insertion of a sulfated Tyr residue of FSHR into FSH, eventually leading to receptor activation (Jiang et al. 2012) . This process may involve the contact of the FSH-FSHR complex with the ELs being present at the interface of the ECD and the TMD. Although the interaction of the ILs with G-proteins (Timossi et al. 2002) , and adaptor proteins such as APPL1 and 14-3-3t (Nechamen et al. 2004 , Dias et al. 2010 has been demonstrated, the role of the ELs is not clearly defined. However, results from various studies employing site-directed mutagenesis and of naturally occurring mutations (Touraine et al. 1999 , Desai et al. 2015 indicate that mutations in the ELs of FSHR affect diverse receptor functions such as FSH binding and cAMP production (Ji & Ji 1995) , cell surface trafficking (Meduri et al. 2003) , FSH-mediated desensitization and internalization (CasasGonzález et al. 2012) , and the FSH-mediated PI3K/AKT pathway (Uchida et al. 2013) . Interestingly, alaninescanning mutagenesis of residues in the EL3 of FSHR and LH/CGR (Ryu et al. 1996 , Sohn et al. 2002 revealed different residues in FSHR and LH/CGR to be crucial for hormonebinding and cAMP response, thus indicating that EL residues play specific functional roles in each receptor.
In studies using a combination of X-ray crystallography, mutagenesis, and a computational modeling approach, EL2 has been shown to play an important role in other GPCRs with small molecular ligands. EL2 residues project into the crevice within the transmembrane bundle and form a part of the ligand-binding surface for retinal in rhodopsin (Palczewski et al. 2000) and in dopamine D2 receptor (Shi & Javitch 2004) and are important in ligandbinding and receptor activation in glucagon-like peptide-1 receptor (Koole et al. 2012) , and calcitonin gene-related peptide receptor (Woolley et al. 2013) to name a few.
Previously our group has shown the ELs of FSHR to be surface-accessible and potential secondary hormonebinding sites (Dupakuntla & Mahale 2010) . Also, the role of FSHR-specific residues (nonconserved) in the ELs in its function was shown by generating chimeras where the ELs of FSHR were substituted with the respective ELs of LH/CGR. The cell surface FSHR expression and FSH-binding affinity of chimeric EL2M, where the six FSHR-specific residues of the EL2 were substituted with those from LH/CGR, were found to be similar to those of WT FSHR. However, determination of surface-bound and internalized hormone-receptor complex revealed that the mutant receptor showed impaired internalization. Also, the FSH-induced cAMP response of the mutant receptor was found to be low. Thus, EL2 plays an indispensable role in FSH-induced signaling and internalization of the FSH-FSHR complex (Dupakuntla et al. 2012) .
The present study was carried out with the aim of determining the contribution of individual amino acids in EL2 to hormone-binding and signaling events and of further characterizing the effects of EL2 mutation on the fate of the activated receptor. To achieve this, single substitution mutants of EL2 of FSHR were generated where each of its specific residues was replaced with the corresponding residues of LH/CGR. Internalization of hormone-receptor complexes as well as FSH-mediated signaling events were studied and the point mutants L 501 F 
Materials and methods

Generation of mutant FSHR constructs
Six substitution point mutants of EL2 (S 493 N, L 501 F, I 505 V, D 506 E, S 507 T, and P 508 T) were generated using the human FSHR (hFSHR) cloned into pSG5 vector as the template for mutagenesis (Dupakuntla et al. 2012 ) using the QuikChange Site-directed Mutagenesis Kit (Agilent Technologies, La Jolla, CA, USA). Full-length DNA sequencing was carried out to confirm the desired mutation and to ensure that there were no other deleterious mutations. Plasmid DNA extraction of mutant constructs for transfection was then carried out using a midi-prep kit (Sigma). The sequences of WT and EL2 mutant constructs are listed in Table 1 .
Transient transfection in HEK293 cells
HEK293 cells obtained from the Cell Repository at the National Centre for Cell Science, Pune, India, were maintained in DMEM-F12 (Gibco; Life Technologies) supplemented with 5% fetal bovine serum (Gibco) and antibiotics. Transient transfection of WT FSHR and substitution point mutants of EL2 were performed using Lipofectamine and Plus reagents (Invitrogen), and all assays were performed 48 h post transfection. Untransfected cells served as a negative control.
Stable transfection in HEK293 cells
Stable clones of WT and chimeric EL2M FSHR were generated by co-transfection of pSG5 vector containing the WT or EL2M construct (2 mg) with empty vector pcDNA 3.1C (Life Technologies) carrying the neomycinresistance gene (200 ng) into HEK293 cells using Lipofectamine and Plus reagents. HEK293 cells transfected with 200 ng empty pcDNA 3.1C vector alone were also generated, which served as a negative control. The cells were maintained in DMEM-F12 medium supplemented with 750 mg/ml G418 for 14 days and the clones obtained were screened using western blotting, immunofluorescence, and radioreceptor assays for identification of positive clones. WT clone 19 (WT-19), EL2M clone J (EL2M-J), and empty vector clone a (pcDNA-a) were chosen for further studies. All assays were performed 24 h post seeding of cells.
Western blotting analysis for detection of FSHR expression and FSH-induced ERK phosphorylation
Western blotting analysis was performed to monitor total FSHR expression in transiently transfected cells and in the stable clones by the method described previously (Dupakuntla et al. 2012) . Densitometric analysis of the FSHR and b-actin signals of three independent experiments was carried out using ImageQuantTL Software from GE Healthcare (Little Chalfont, Buckinghamshire, UK). The band intensity for FSHR was normalized to b-actin for each construct.
To determine the FSH-induced ERK phosphorylation, HEK293 stable clones WT-19, EL2M-J, and pcDNA-a were seeded into six-well plates. Twenty-four hours post seeding, cells were serum starved for 6 h in serum-free DMEM and then incubated at 37 8C with different doses of hFSH (0, 25, 50, 100, and 200 ng) and at different times points (0, 5, 15, 30, and 60 min) . The cells were then lysed with lysis buffer (150 mM NaCl; 50 mM Tris, pH 8.0; 5 mM EDTA; 1% Nonidet P-40) with 2 mM sodium orthovanadate (Sigma-Aldrich Corp.) and protease inhibitor cocktail. Equal amounts of protein were loaded onto 10% SDS-PAGE gels and proteins were transferred to nitrocellulose membrane (GE Healthcare) using a semi-dry transfer apparatus (Bio-Rad Laboratories). Detection of phospho-ERK was done using rabbit polyclonal anti-phospho-ERK1/2 antibody from Cell Signaling Technology, Inc. (Danvers, MA, USA). The same blot was stripped and reprobed with rabbit polyclonal anti-ERK2 antibody from Santa Cruz Biotech, Inc. to normalize levels of phosphorylated ERK1/2 with the total ERK2 levels in each lane.
FSH-induced ERK1/2 phosphorylation was also determined for the point mutants L 501 F and I 505 V after 5 and 30 min of FSH stimulation. Densitometric analysis was performed using ImageQuantTL Software from GE Healthcare.
Immunofluorescence
Cell-surface FSHR expression was determined using a direct immunofluorescence method on transiently transfected HEK293 cells seeded on cover slips in a six-well plate. The FSHR antibody, MAb 106.105, was labeled with Alexa Fluor 488 or Alexa Fluor 568 using a MAb labeling kit (Molecular Probes, Life Technologies). The cells were fixed using 4% paraformaldehyde for 10 min at RT and processed as described in Dupakuntla et al. (2012) . The images were collected using an oil immersion 63! objective with NA 1.4 on a LSM510-Meta confocal system (Carl Zeiss, Jena, Germany). Untransfected cells served as the negative control. Fluorescence intensity of the positive cells showing cell-surface FSHR expression was quantified using Image J Software (National Institutes of Health, Bethesda, MD, USA). In another set of experiments, cell-surface expression of FSHR before and after FSH stimulation was monitored in HEK293 cells stably expressing WT FSHR or chimeric 
EL2, extracellular loop 2; FSHR, follicle-stimulating hormone receptor; LH/CGR, luteinizing hormone/choriogonadotropin receptor; chimeric EL2M, chimeric FSHR LH/CGR EL2 mutant.
EL2M FSHR. Twenty-four hours after seeding, cells were stimulated with (100 ng) or without FSH for 60 min at 37 8C and processed for immunofluorescence.
Flow cytometry
Cell-surface FSHR expression was measured using a FACS Scan Flow Cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) as described previously (Dupakuntla et al. 2012) .
Ligand-binding assay
Assessment of binding of 125 I-FSH to FSHR was carried out in 24-well plates in the absence or presence of unlabeled FSH (1 mg/well) to determine non-specific binding (Dupakuntla et al. 2012) . The radioiodination of hFSH (procured from the National Hormone and Pituitary Programme, National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK), Bethesda, MD, USA) was performed by the Iodogen method (Fraker & Speck 1978) . The surface-bound and internalized counts were measured on an automatic g-counter (Wallac 1470, WIZARD, Turku, Finland). cAMP assay cAMP production was estimated using a commercially available enzyme immunoassay kit (Cayman Chemical Company, Ann Arbor, MI, USA) with unstimulated cells (basal response), and after stimulation of the cells with 100 ng hFSH for 1 h at 37 8C as described previously (Dupakuntla et al. 2012) .
Coimmunoprecipitation of activated FSHR with endogenous b-arrestins
Recruitment of endogenous b-arrestins by activated WT, chimeric EL2M, L 501 F, and I 505 V FSHR was determined by the method described by Luttrell et al. (2001) with some modifications. HEK293 cells in 10 cm-dishes (2!10 6 cells/well) were transiently transfected with 10 mg of each receptor construct using FuGENE HD Transfection Reagent (Roche). Untransfected cells served as a negative control. Forty-eight hours post transfection, cells were serum starved for 4 h in serum-free DMEM followed by stimulation with 100 ng/ml of FSH in 4 ml of serum-free DMEM for 5 min at 37 8C. Crosslinking was done with freshly prepared sulfo-dithio-bis[succinimidyl propionate] (DSP, Pierce, Rockford, IL, USA) for 30 min at RT with gentle agitation followed by quenching by adding Tris-HCl (pH 7.3) to a 20 mM final concentration for 15 min at RT with gentle agitation. The cells were rinsed with PBS/10 mM HEPES and lysed in freshly prepared lysis buffer containing 1% Igepal, 0.4% deoxycholate, 10 mM Tris pH 7.5, 6.6 mM EDTA, 140 mM NaCl, protease and phosphatase inhibitors. The lysate supernatant was pre-cleared, centrifuged, and collected in fresh tubes to which anti-b-arrestin antibody (beta-Arrestin 1/2 (D24H9) Rabbit MAb, Cell Signaling Technology, Inc.) was added. The beads were treated with SDS sample buffer before subjecting the samples to 7.5% SDS-PAGE followed by transfer onto PVDF membrane (Immobilon-P, Millipore, Bedford, MA, USA) using a semi-dry transfer apparatus. Detection of FSHR and b-arrestin 1/2 was done with FSHR MAb 106.105 and b-arrestin 1/2 MAb respectively.
Building mutant model structures
The modeled structure of hFSHR TMD (residues 343-625) was based on the bovine rhodopsin structure (PDB ID:1U19) and used to build the EL2M chimera as described T U n t r a n s f e c t e d previously (Dupakuntla et al. 2012) . With the WT modeled structure of hFSHR, six point-mutant model structures of EL2 were built using Discovery Studio 3.5 (Accelrys Software, Inc., San Diego, CA, USA). These point-mutant models were minimized using Schrodinger 2013 OPLS 2005 forcefield with default parameters.
Statistical analysis
The results are expressed as meanGS.E.M. of three independent experiments performed in duplicates. Data analysis was carried out using the unpaired Student's t-test of the Software 'GraphPad Prism 5.0' (GraphPad Software, Inc., San Diego, CA, USA). The values of *P!0.05, **P!0.01, and ***P!0.001 with respect to WT FSHR was considered to be statistically significant.
Results
Generation of substitution point mutants of EL2 of FSHR
In order to identify the amino acids in EL2 of FSHR that contribute to the effects observed with respect to FSH-induced signaling and internalization, individual substitution-mutant constructs were generated by replacing each of the FSHR-specific residues in EL2 with the corresponding LH/CGR residues (S 492 N, L 501 F, I 505 V, D 506 E, S 507 T, and P 508 T). The identity of each construct generated was confirmed by DNA sequencing.
Receptor expression following transient transfection
The six substitution point mutants of EL2 were observed to show similar FSHR expression to the chimeric EL2M receptor and also to the WT receptor (Fig. 1A) as determined by western blotting. Densitometric analysis of the FSHR signal of WT and mutant constructs normalized to b-actin revealed no significant differences (Fig. 1B) . Cell-surface FSHR expression was monitored as it is essential for hormone-binding ability. EL2 point mutants showed FSHR expression similar to that observed with WT and chimeric EL2M receptors by confocal microscopy ( Fig. 2A and B) and flow cytometry (Fig. 2C ). Thus the receptor expression was not affected by substituting these residues.
Effect of point mutation on FSH binding and internalization
All the six point mutants generated were tested for FSHbinding ability by radioreceptor assay. Surface-bound and internalized counts of 125 I-FSH for each of the point mutants of EL2 are shown in Fig. 3A . A decreased internalization index observed in the case of the chimeric EL2M receptor was found to be mainly due to mutation of L 501 and to some extent by mutation of the residues S 493 and I 505 (Fig. 3B) . V receptor also showed a slight decrease (*P!0.05 with respect to WT FSHR) in the cAMP levels (Fig. 4) .
Characterization of HEK293 cells stably expressing WT or chimeric EL2M FSHR
Stable cell lines expressing WT FSHR or chimeric EL2M FSHR were made in order to study the fate of the activated receptor in the events following FSH stimulation. Western blotting (Fig. 5A) showed FSHR expression in HEK293 cells stably co-transfected with either WT FSHR or EL2M FSHR construct along with empty vector pcDNA 3.1C. The cells stably transfected with empty vector pcDNA 3.1C alone served as a negative control. WT-19 and EL2M-J clones displayed cell-surface FSHR expression and were chosen for further studies. No FSHR expression was seen in the empty vector clone pcDNA-a. Although the hormonebinding ability of WT and chimeric EL2M FSHR was similar (Fig. 5B, surface bound counts) , chimeric EL2M showed a low internalization index (Fig. 5C ) indicating low internalization of the FSH-FSHR complex because of the mutation. FSH-induced signaling in terms of cAMP production was also reduced in the chimeric EL2M receptor (Fig. 5D) . Thus, the results obtained with the stable clones confirm that the mutation of the FSHRspecific residues in EL2 impairs internalization and cAMP production as reported previously for transiently transfected cells (Dupakuntla et al. 2012) .
Impairment in internalization of chimeric EL2M FSHR as monitored by confocal microscopy
Receptor density on the cell surface of unstimulated cells and post FSH stimulation was determined for stable clones as a measure of internalization of FSHR. In the case of WT FSHR (WT-19), after 60 min of FSH stimulation, almost complete disappearance of cell surface FSHR was observed corresponding to the internalization of most of the hormone-receptor complex (Fig. 6B) . However, in the case of chimeric EL2M FSHR (EL2M-J), receptor density on the cell surface was much higher (Fig. 6D) , supporting the observation that mutation of receptor-specific residues in EL2 impairs receptor internalization post ligand stimulation as determined using a radioreceptor assay. T U n t r a n s t e c t e d cAMP production in response to FSH stimulation in WT FSHR, chimeric EL2M and EL2 substitution point mutants. Forty-eight hours post transfection of HEK293 cells with WT and mutant receptor constructs, cells were stimulated with 100 ng FSH for 1 h at 37 8C. The cell lysates were prepared thereafter and cAMP levels were estimated using a competitive enzyme immunoassay method. *P!0.05, **P!0.01 with respect to WT FSHR.
FSH-induced ERK phosphorylation is impaired in chimeric EL2M receptor
As EL2 mutation affects the cAMP/PKA pathway, its effect on ERK phosphorylation was studied. Total ERK and phosphorylated ERK in the stable clones in response to increasing concentrations of FSH (0-200 ng) were monitored 5 min post stimulation. The extent of ERK phosphorylation was estimated by calculating the ratio of phosphorylated ERK 1/2 to total ERK2 by densitometric analysis of the respective signals. The percentage response for each dose of FSH was calculated by comparing the value obtained for that dose with the maximum response obtained by the WT FSHR (considered as 100%).
With an increase in dose, an increase in ERK phosphorylation was observed in cells expressing WT FSHR. Maximum response was observed with the 100 ng FSH dose after which saturation was reached. In case of chimeric EL2M FSHR, the percentage response calculated was significantly lower as compared with WT FSHR (Fig. 7A) .
In another set of experiments, the effect of 100 ng of FSH on ERK phosphorylation at different time points (0-60 min) was estimated. Peak ERK phosphorylation was observed in WT FSHR cells at 5 min post stimulation after which it gradually decreased with increasing time. In chimeric EL2M FSHR, a significantly weaker response was observed at all time points (Fig. 7B) .
Because the FSH-induced cAMP production was low in the point mutants L 501 and I 505 , these two mutants were evaluated for their effect on FSH-induced ERK phosphorylation. Both the mutants showed reduced ERK phosphorylation similar to that observed in the EL2M chimera as compared with WT FSHR (Fig. 8) .
Effect of EL2 mutation on b-arrestin recruitment
As chimeric EL2M FSHR and L 501 F FSHR show impairment of internalization of the FSH-FSHR complex, the ability of WT and mutant receptors to interact with endogenous b-arrestins, adaptor proteins for agonist-mediated internalization of GPCRs, was investigated by coimmunoprecipitation. As compared with WT FSHR, the interaction of chimeric EL2M and L 501 F FSHR with b-arrestins in response to FSH stimulation was found to be very weak, whereas that of I 505 V FSHR was similar to that of the WT (Fig. 9) . Thus, mutation of EL2 hampers b-arrestin recruitment to the activated receptors and hence their internalization.
Comparison of molecular models of FSHR mutants
In order to understand the involvement of FSHR-specific residues of the EL2 region in the interaction with neighboring residues, homology models for six of the mutants were generated and different types of interactions (such as hydrophobic, hydrogen bonding, ionic, cationpi, aromatic-sulfur and aromatic-aromatic interactions) were studied and compared with the ones observed in the WT and chimeric EL2M FSHR. Computer models of the WT, chimeric EL2M, L 501 F, and I 505 V are shown in 
β-actin (∼43 kDa) W T ( t r a n s i e n t ) were subjected to 10% SDS-PAGE. The upper blots were probed with anti-P-ERK (1/2) antibody and the lower panels show the same blots that were reprobed with anti-total ERK2 antibody (from a representative experiment). (A and B lower panels) Densitometric analysis was carried out to calculate the ratio of phosphorylated ERK (1/2) to total ERK2. The maximum response obtained with WT FSHR (WT-19) was considered to be 100%, and the percentage responses obtained at different concentrations of FSH or at different time points were determined by comparing them with the maximum response. *P!0.05, **P!0.01, ***P!0.001 with respect to WT FSHR.
Discussion
We have previously reported that swapping the six FSHR-specific residues of EL2 with the corresponding residues from LH/CGR affected the receptor function.
Chimeric EL2M receptor exhibited lower cAMP production and lower internalization of the FSH-FSHR complex as compared with WT FSHR (Dupakuntla et al. 2012) . In this study, six substitution mutants of EL2 of FSHR were generated to identify the receptor-specific residues that play a key role in internalization and ligand-induced signaling events. It was seen that the behavior of the L 501 F substitution resembled the behavior of chimeric EL2M mutant, i.e. this substitution resulted in low internalization and low cAMP production as seen in EL2M mutant. The I 505 V substitution also contributed to these effects to some extent. The importance of these residues is also corroborated by the fact that these residues are conserved across FSHR of all species. Also, HEK293 clones stably expressing either WT or chimeric EL2M FSHR were generated to overcome the limitations of low transient transfection efficiency. We observed that the amount of cell-surface-bound FSH-FSHR complex in the chimeric EL2M receptor (clone EL2M-J) was similar to that of the WT (clone WT-19) according to a radioreceptor assay. However, the amount of internalized Basal levels of ERK phosphorylation were also determined (0 min). Untransfected cells served as negative controls. The cell lysates were subjected to western blotting and blots were probed for phospho ERK1/2. The same blot was reprobed for total ERK2 protein levels for normalization. (B) Densitometric analysis was carried out to calculate the ratio of phosphorylated ERK (1/2): total ERK2. The maximum response obtained with the WT FSHR at 5 min post stimulation with 100 ng FSH was considered to be 100% and the percentage response obtained for the mutants at 0, 5, and 30 min post FSH induction (100 ng) was determined by comparing it with the maximum response. *P!0.05, ***P!0.001 with respect to WT FSHR. hormone-receptor complex was significantly reduced, as observed in transiently transfected cells, confirming our earlier observations. Next, visualization of the disappearance of cell-surface FSHR expression, post FSH stimulation, to monitor internalization of FSHR, was performed using confocal microscopy. In the case of chimeric EL2M FSHR, most of the mutant receptor was seen on the surface and only a small fraction internalized in contrast to the WT FSHR where most of the receptor internalizes, substantiating the same results obtained using a radioreceptor assay. Also, EL2M-J showed low cAMP production post FSH stimulation. Another downstream effect of FSH stimulation is activation of the MAPK/ERK pathway by cAMP/PKA and b-arrestins (Kara et al. 2006) . Cottom et al. (2003) have shown that FSH stimulation in granulosa cells results in phosphorylation of ERK by PKA, which in turn phosphorylates downstream effectors of MAPK pathway. As the cAMP production was low upon stimulation of chimeric EL2M receptor, we sought to determine the effect of EL2 mutation on PKA-mediated MAPK/ERK pathway as the PKA activity depends on cellular levels of cAMP. As one would expect, the ERK phosphorylation was affected in the clone-expressing chimeric EL2M receptor, across different doses of FSH and over different time points as compared with WT FSHR. Also, the point mutants L 501 F and I 505 V which showed low cAMP production also showed less ERK phosphorylation similar to chimeric EL2M FSHR as compared with WT FSHR. These findings indicate that the residues in EL2 are important in various FSH-mediated signaling pathways such as cAMP and MAPK.
Upon FSH stimulation, FSHR is phosphorylated on the ILs and C-tail by means of GRKs which recruit adaptor proteins called b-arrestins, which then direct the FSH-FSHR complex to clathrin-coated pits for endocytosis (Kara et al. 2006) . Also, even though FSHR is a member of the class 'A' GPCRs, it has a conserved Ser/Thr cluster in its C-tail, which is a characteristic of class 'B' GPCRs that recruit both b-arrestins 1 and 2 for internalization (Kara et al. 2006) . As the chimeric EL2M and L 501 F receptors showed decreased internalization of the FSH-FSHR complex post ligand stimulation, we studied FSHR-b-arrestin interaction post FSH stimulation in HEK293 cells transiently expressing WT and EL2 mutant receptors. It was observed that the b-arrestin recruitment was affected in the case of chimeric EL2M and I FSHR mutation in EL1 which resulted in impairment in receptor internalization, overexpression of b-arrestin 2 restored the internalization to levels similar to that of the WT FSHR. In this study, the authors envisaged that the EL1 mutation resulted in conformational changes in the receptor, which affected its ability to undergo phosphorylation and b-arrestin recruitment, which perhaps is the case for the EL2 mutation reported in this study too. Thus EL residues are possibly key players in hormonemediated receptor internalization.
In our previous study, we compared the modeled structure of TMD with ELs for WT and chimeric EL2M. Significant changes in the EL2 structure were observed in the case of chimeric EL2M as compared with the WT (Dupakuntla et al. 2012) . In addition, gain of interactions with reference to substituted amino acids (F 501 and V 505 ) was observed. Experimental evidence obtained by Nishi et al. (2002) indicated that the ECD-EL2 interaction imposed a constraint on LHR activation which could be released only on ligand binding. On the basis of that study, Dupakuntla et al. (2012) speculated that substitutions in EL2 of FSHR might have retained the constraint on the receptor in spite of hormone binding and thus prevented receptor activation and downstream events to a large extent. Though the loop structure was retained, similar gain of interactions was observed even with the singlesubstitution mutants L 501 F and I 505 V in this study. Findings from the ligand-binding assay discussed previously indicate that the decrease in internalization of the hormone-receptor complex observed in case of chimeric EL2M is mainly due to mutation of the residues L 501 and I 505 . Similarly, both these residues also had an effect on FSH-induced signaling. Findings from these experiments and the modeling studies indicate that FSHR-specific residues L 501 and I 505 are crucial for receptor activity.
The physiological significance of mutations in EL2 of FSHR has been elucidated by in vitro studies on naturally occurring mutations e.g.: a Pro 519 Thr mutation in a patient with delayed puberty and primary amenorrhea resulted in the mutant receptor being trapped intracellularly, and this caused a block in follicle maturation after the primary stage (Meduri et al. 2003) . A M 512 I mutation resulted in inactivation of the FSH-induced PI3K/AKT pathway, which is essential for the proliferation, differentiation, survival, and enhanced mRNA translation in granulosa cells (Uchida et al. 2013) . Our group has recently reported a novel mutation Val 514 Ala in a patient with iatrogenic ovarian hyperstimulation syndrome. The mutant receptor showed higher cell-surface FSHR expression and higher cAMP production at lower doses of FSH (Desai et al. 2015) . The study of the L 501 F and I 505 V mutations is thus important as they affect internalization of the FSH-FSHR complex as well as cAMP signaling and ERK/MAPK pathways, which are essential in ovulation and luteinization events.
In summary, FSHR-specific residues L 501 and I 505 in EL2
are important in internalization of the FSH-FSHR complex. Also, as reported for several other GPCRs, mutation in FSHRspecific residues of EL2 affected internalization which is most probably due to the weak b-arrestin recruitment and FSH-mediated downstream signaling pathways, thus establishing the importance of this loop in receptor function.
Results of molecular modeling experiments also indicated that both L 501 F and I
505
V substitutions contribute to the additional interactions observed in the EL2M chimera, which were absent in WT FSHR. Further experiments are needed to determine the mechanistic basis of these effects exerted by the EL2 and to identify the contribution of functionally significant epitopes in the ELs of FSHR to diverse FSH-mediated downstream events.
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